, an intracellular bacterium, causes pneumonia in humans and mice. Toll-like receptors and the key adaptor molecule myeloid differentiation factor-88 (MyD88) play a critical role in inducing immunity against this microorganism and are crucial for survival. To explore the influence of MyD88 on induction of immune responses in vivo on a genome-wide level, wildtype (WT) or MyD88 Ϫ/Ϫ mice were infected with C. pneumoniae on anesthesia, and the pulmonary transcriptome was analyzed 3 days later by microarrays. We found that the infection caused pulmonary cellular infiltration in WT but not MyD88 Ϫ/Ϫ mice. Furthermore, it induced the transcription of 360 genes and repressed 18 genes in WT mice. Of these, 221 genes were not or weakly induced in lungs of MyD88 Ϫ/Ϫ mice. This cluster contains primarily genes encoding for chemokines and cytokines like MIP-1␣, MIP-2, MIP-1␥, MCP-1, TNF, and KC and other immune effector molecules like immunoresponsive gene-1 and TLR2. Arginase was highly induced after C. pneumoniae infection and was MyD88 dependent. Genes induced by interferons were abundant in a cluster of 102 genes that were only partially MyD88 dependent. Also, lcn2 (lipocalin-2) and timp1 were represented within this cluster. Interestingly, a set of 37 genes including sprr1a was induced more strongly in MyD88 Ϫ/Ϫ mice, and most of them are involved in the regulation of cellular replication. In summary, ex vivo analysis of the pulmonary transcriptome on infection with C. pneumoniae demonstrated a major impact of MyD88 on inflammatory responses but not on interferon-type responses and identified MyD88-independent genes involved in cellular replication.
mice, and most of them are involved in the regulation of cellular replication. In summary, ex vivo analysis of the pulmonary transcriptome on infection with C. pneumoniae demonstrated a major impact of MyD88 on inflammatory responses but not on interferon-type responses and identified MyD88-independent genes involved in cellular replication. microarray; inflammation; Toll-like receptor; myeloid differentiation factor-88 RESPIRATORY INFECTION WITH Chlamydia pneumoniae, an obligate intracellular gram-negative bacterium, causes pneumonia and bronchitis in humans (3, 9, 33, 66, 67) and also in mice (68) . The normal route of entry for this bacterium is the oral and nasal mucosa (9, 53) . Infection with C. pneumoniae has been related to asthma and chronic obstructive pulmonary disease (7, 29) and also to nonrespiratory diseases like atherosclerosis (2, 22, 26, 34) . It is widely distributed in the population, and up to 50% of the people of the developed world are seropositive by the age of 20 years (16, 21) . C. pneumoniae can infect a wide range of different cell types, like lung epithelium, alveolar macrophages, circulating monocytes, arterial smooth muscle cells, and vascular endothelium (20, 25, 54) . Recently, it was demonstrated that this microorganism is able to infect polymorphonuclear neutrophils (PMN) and live within them (48, 64) . After 2-3 days of the infection, infected pulmonary areas are characterized by a cellular infiltrate consisting mainly of PMN (67) . After uptake, Chlamydia grows within an intracellular vacuole called inclusion. The chlamydial developmental cycle involves a metabolically inactive, nonreplicative but infective elementary body (EB) that differentiates into a metabolically active reticular body (RB) after entry into the target cell.
Toll-like receptors (TLRs) are the main activators of the innate immune response when they recognize conserved pathogen-associated molecular patterns (PAMPs) (61) . Eleven members have already been reported (6, 14, 23, 47, 62, 69) , and immune cells display a differential expression pattern of TLRs (44) . Myeloid differentiation factor-88 (MyD88) is a key adaptor molecule in the TLR signaling pathway (60) . This molecule interacts via the Toll/interleukin-1 receptor (TIR) domain with all TLRs, except TLR3, and IL-1 receptor family members. In mice deficient for MyD88, an impaired production of proinflammatory cytokines after infection with a microorganism is frequently observed (5, 32) . The absence of this adaptor molecule correlates with increased host lethality in different models (1, 52) even if an adaptive immune response was produced (19) . In other models like choriomeningitis virus infection, MyD88 is critical for inducing an adaptive immune response (70) . In certain instances, absence of MyD88 was even beneficial to the host (58, 65) .
We recently demonstrated the importance of MyD88 in the innate immune response induced by C. pneumoniae infection. In the absence of MyD88, mice were not able to recruit PMN into the lungs 3 days postinfection, and the secretion of cyto-and chemokines was abolished with the exception of IL-12p40 (48) . In contrast to wildtype (WT) mice, MyD88-deficient mice succumbed to the infection (48, 49) . In this report we show, through the use of DNA microarray technology, that MyD88 determines transcriptional activation programs in lungs of mice infected with C. pneumoniae. While MyD88 controlled the expression of the majority of genes involved in the immune response against this microorganism in the early stage of pulmonary infection, a subgroup of IFN-induced genes was partially dependent on MyD88, and a cluster of genes associated with cell proliferation was even more strongly induced in the absence of MyD88.
EXPERIMENTAL PROCEDURES
Mice. C57BL/6 mice were purchased from Harlan Winkelmann (Borchen, Germany). Breeding pairs of MyD88 Ϫ/Ϫ mice were kindly provided by Dr. S. Akira (Osaka University, Osaka, Japan) and were backcrossed eight times to C57BL/6 mice and bred in the animal facility at the Institute of Medical Microbiology, Immunology and Hygiene. All animal experiments were done with the permission of local authorities (Oberbayern, Munich, Germany; file no. 211-2531-25/11).
Reagents and monoclonal antibodies. The reagent ␣-isonitrosopropiophenone (I-3502) and the proteinase inhibitor PMSF (P-7626) were provided by Sigma. The other proteinase inhibitors, leupeptine (1017-101) and aprotinin (236624), were purchased from Roche (Mannheim, Germany).
Multiplication and purification of C. pneumoniae. C. pneumoniae CM-1 (VR-1360; American Type Culture Collection, Manassas, VA) were multiplied according to Maass et al. (40) . Chlamydial elementary bodies were centrifuged (2,000 g, 35 min, 35°C) on confluent monolayers of HEp2 cells in the presence of cycloheximide (1 g/ml) and 0% FCS. After 72 h of culture, the harvested cells were disrupted with glass beads, and chlamydial elementary bodies were purified in a sucrose urografin gradient (bottom layer, 50% wt/vol sucrose solution; top layer, 30% vol/vol urografin in 30 mM Tris ⅐ HCl buffer, pH 7.4) at 9,000 g and 4°C for 60 min. After one wash step with 0.2 m-filtered PBS (pH 7.4), purified elementary bodies were stored in SPG buffer (0.22 M sucrose, 8.6 mM Na2HPO4, 3.8 mM KH2PO4, 5 mM glutamic acid, 0.2-m filtered, pH 7.4) at Ϫ80°C until use. To quantify the number of elementary bodies, HEp2 cells were infected and stained with the chlamydia-specific Ab (ACI-FITC; Progen Biotechnik, Heidelberg, Germany). The number of inclusion-forming units (IFUs) was counted as determined by fluorescence microscopy (Carl Zeiss Jena, Göttingen, Germany) 48 h after infection. For control, noninfected HEp2 cells were treated in the same way. Contamination with mycoplasma was excluded regularly by Mycoplasma-PCR using specific primers (MWG Biotech, Martinsried, Germany).
Infection protocol. Mice were anesthetized with an intraperitoneal injection of Ketamin (2 mg/mouse). Subsequently, mice were infected intranasally with 2.5 ϫ 10 6 IFUs of C. pneumoniae in 30 l of PBS. Three independent infection experiments were performed.
RNA isolation from lungs of mice. Mice were killed by CO 2 inhalation 3 days postinfection with C. pneumoniae. The lungs were flushed with 10 ml of PBS applied through the right atrium of the heart to remove blood. Immediately thereafter, lungs were transferred to precooled tubes placed in ethanol/dry ice bath, and, after homogenization, RNA was isolated using Tri-Reagent (T9424, Sigma) as described by the manufacturer. Degradation of the RNA was excluded by electrophoresis under RNase-free conditions, and the amount was quantified by spectrophotometry using Nanodrop ND-1000 V3.1.0 (Nanodrop Technologies).
Affymetrix gene chip and data analysis. Microarray analysis was performed in biological triplicates with RNA from individual mice derived from three independent infection experiments. Starting with 10 g of total RNA, samples were labeled and hybridized to the murine expression arrays MOE-430A (Affymetrix, Santa Clara, CA) according to the manufacturer's protocol. Microarrays were scanned and initially analyzed for general assay quality using Affymetrix Microarray Suite v5.0 software [average background Ͻ115, scaling factors ranging between 0.19 and 0.54, and a mean percentage of present genes of 58% (Ϯ3.6)]. CEL files were subsequently imported into the program RMAExpress (v0.2 release) (4) for global normalization and generation of expression values. Significance analysis was performed with the significance analysis of microarrays (SAM) algorithm (v1.15) (63) . To detect the genes that were significantly induced or repressed on C. pneumoniae infection in lungs of WT or MyD88 Ϫ/Ϫ mice, a multiclass analysis was performed. With a median false discovery rate of 4.7%, a set of 1,053 probe sets was significantly regulated. Further filtering included a minimum fold change criterion between all four experimental conditions of Ϯ2 (431 probe sets) and a maximum (all mean expression values) minus minimum (all mean expression values) filter of Ͼ100. The resulting 378 probe sets were considered to be differentially expressed in this setup.
The infection experiment of the ANA-1 macrophages was done in duplicate. Samples were hybridized to Affymetrix murine MG-U74AV2 arrays, and expression values were extracted as described above. For significance analysis we used R (language and environment for statistical computing) and LimmaGUI (linear package for microarray data) with a significance level of P Ͻ 0.05.
Further data preparation (e.g., gene-wise normalization) was done with the Spotfire DecisionSite v7 software (Spotfire) or R 2.0.1 (http://www.r-project.org/index.html). Hierarchical clustering was performed using the program Genesis (release 1.1.3) (57), and analysis of overrepresented genes within one biological category was done by the program Genomatix Bibliosphere (Genomatix, Munich, Germany).
Normalized expression values and CEL files were deposited in the Gene Expression Omnibus database (http://www.ncbi.nlm.nih.gov/ geo/) as series GSE6688 (lung data) and GSE6690 (ANA-1 macrophages).
Detection of chemokines and cytokines. Levels of the chemokines keratinocyte-derived chemokine (KC), monocyte chemoattractant protein-1 (MCP-1), macrophage inflammatory protein-1␣ (MIP-1␣), MIP-1␥, and MIP-2 as well as the cytokine tumor necrosis factor-␣ (TNF␣) were determined in lungs of mice by commercially available ELISAs (duo set for KC, MIP-2, TNF␣, MIP-1␣, and MIP-1␥, R&D Systems, Wiesbaden-Nordenstadt, Germany; OptEIA set for MCP-1, Becton Dickinson, San Diego, CA). The assays were performed as recommended by the manufacturer. Lungs were isolated from mice and minced to homogeneity in 500 l of PBS with an Ultra-Turrax T25 device (IKA Labortechnik, Jane&Kunkel). After centrifugation (2,000 g, 5 min), the supernatant was analyzed for its cyto-or chemokine content in duplicates.
Northern blot analysis of mRNA expression. For Northern analysis, 10 g of total RNA prepared from the lungs of infected or control mice were separated on 1% formaldehyde-agarose gels and blotted onto Hybond N membranes (Amersham, Piscataway, NJ). Probes were prepared from plasmids obtained from Deutsches Ressourcenzentrum für Genomforschung (RZPD) (Heidelberg, Germany) containing full-length cDNAs for tlr2 (clone IRAVp968E0244D) and sprr1a (IRAVp968F0841D) by digestion with the appropriate restriction enzymes and gel purification. Probes were labeled with 32 P-␣dCTP using a random-primed labeling kit (Stratagene), purified, and hybridized to the membranes at 65°C overnight. After sequential washes in 2ϫ and 0.2ϫ SSC, membranes were exposed and analyzed on a PhosphoImager (Molecular Dynamics).
Real-time RT-PCR detection of mRNA. cDNA was prepared from RNA using Moloney murine leukemia virus (MMLV) RT according to a standard protocol. All real-time RT-PCRs were performed with the ABI SDS 7700 (Applied Biosystems). ␤-Actin or hypoxanthine guanine phosphoribosyl transferase (HPRT) was used as a reference gene. Primer sequences were 5Ј-GCCTCAAGGACGACAACATCAT-3Ј (forward) and 5Ј-GGCTCTCTGGCAACAGGAAAG-3Ј (reverse) for lcn2, 5Ј-AAAATTCGAGTGACAAGCCTGTAGC-3Ј (forward) and 5Ј-GT-GGGTGAGGAGCACGTAG-3Ј (reverse) for tnf, 5Ј-CTTGACAAAGT-GCCGC-3Ј (forward) and 5Ј-CTTCGGGGGAGTAGTT-3Ј (reverse) for irg1, 5Ј-GCAAAGAGCTTTCT-CAAAGACC-3Ј (forward) and 5Ј-AGG-GATAGATAAACAGGGAAACACT-3Ј (reverse) for timp1, 5Ј-AACTG-CATCTGCCCTAAG-3Ј (forward) and 5Ј-AAGGCATCACAGTCCGA-3Ј (reverse) for mcp1, 5Ј-GCTGTCCCTCAACGGAA-3Ј (forward) and 5Ј-ACATCTGGGCAA-TGGAAT-3Ј (reverse) for mip2, 5Ј-ACCCACACT-GTGCCCATCTAC-3Ј (forward) and 5Ј-AGCCAAGTCCAGACGCAGG-3Ј (reverse) for actb, and 5Ј-TCCTCCTCAGACCGCTTTT-3Ј (forward) and 5Ј-CCTGGTTCATCATCGCTAATC-3Ј (reverse) for hprt1. PCR conditions were as follows: 10 min, 95°C; 15 s, 95°C; and 60 s, 60°C for 40 cycles. The amount of each gene in each sample was relatively quantified using threshold cycle (C T) values, applying the ⌬⌬CT method as recommended by Applied Biosystems.
Isolation of pulmonary cells. To isolate pulmonary cells, mice were killed by CO 2 inhalation 3 days after infection with C. pneumoniae. Lungs were flushed with PBS to remove blood as described above. Thereafter, the organ was cut into small pieces in a 60-m plate and digested for 10 min with collagenase VIII (400 U/100 l, RT, C-2139; Sigma, Taufkirchen, Germany) and subsequently for another 30 min (400 U collagenase/100 l in 2 ml of RPMI, 0% FCS, 37°C). The digested material was filtered through a cell strainer of 100-m pore size (Becton Dickinson Labware Europe, Le Pont De Claix, France) to remove debris.
Determination of arginase activity in lungs.
Lungs were isolated from mice and minced to homogeneity in 0.5 ml of Tris ⅐ HCl, pH 7.5, containing protease inhibitors. After addition of 0.5 ml of 0.1% Triton X-100, the tubes were shaken for 10 min at 25°C and centrifuged at 13,000 rpm for 2 min. Arginase activity was determined as previously described (8) . Briefly, 5 l of 100 mM MnCl 2 were added to activate the enzyme to 50 g of total protein, which was determined using bicinchoninic acid assay (BCA protein assay kit; Pierce, Rockford, IL). Arginine hydrolysis was carried out by incubating 100 l of the activated lysate with 100 l of 0.5 M arginine, pH 9.7, at 37°C for 1 h. The reaction was stopped with 400 l of an acid mixture (H 2SO4, H3PO4, and H2O; 1:3:7 vol/vol/vol). The urea was measured at 540 nm after addition of 40 l of 3% ␣-isonitrosopropiophenone (dis- solved in 100% ethanol) and incubation at 96°C for 1 h. One unit of arginase activity is the amount of enzyme that catalyzes the formation of 1 mol urea/min. Infection of the murine macrophage cell line ANA-1 with C. pneumoniae. ANA-1 cells growing in RPMI medium supplemented with 10% FCS were infected with C. pneumoniae with a multiplicity of infection (MOI) of 10 in the absence of FCS at the time of infection. After 8 h of incubation at 37°C, the cells were collected and centrifuged at 1,200 rpm ϫ5 min. Total RNA was isolated and hybridized in the microarray chip as described above.
Statistics. Comparison of two equally treated groups was analyzed by Mann-Whitney rank sum test or t-test if data was normally distributed. Statistical analysis was performed with SigmaStat (SPSS).

RESULTS AND DISCUSSION
Whole lung expression profiling identifies a large number of genes regulated after C. pneumoniae infection. Since we measured the RNA expression values from lungs of individual mice after infection with C. pneumoniae in three Ϫ/Ϫ mice, respectively. "Cluster" refers to the cluster classification of Fig. 2. independent experiments, we first asked for the overall reproducibility of the system. In Fig. 1 A the unfiltered normalized expression values (over 22,000 data points per comparison, gray dots) of all six mock and infected WT samples were plotted against each other. In general, we observed a high degree of concordance between replicates with low general aberration to each other. For example, for the three infected WT replicates, the correlation coefficient ranged between 0.989 and 0.993. In contrast, correlation coefficients between experimental conditions were much lower (ranging from 0.955 to 0.979), indicating the stronger effect of experimental conditions relative to variation between replicate samples. The same observation was made for the MyD88 Ϫ/Ϫ microarrays (data not shown for reasons of clarity). Our stringent analysis for differentially expressed genes combined a statistical method (multiclass SAM) with filter criteria for absolute and fold changes in expression. Across all experimental conditions, we found 378 regulated genes. These are depicted as black dots in Fig. 1A , already visually indicating that most were expressed at higher levels at day 3 after Chlamydia infection. Indeed, of the 378 regulated genes, 360 were upregulated on infection. In Fig. 1B the distribution of the significantly changed genes with respect to the MyD88 genotype is shown. A shared group of 122 genes were upregulated in WT and MyD88
Ϫ/Ϫ mice after infection with C. pneumoniae; 210 genes passed the twofold change criterion only in the WT, not in MyD88 Ϫ/Ϫ , mice on infection, while only 28 genes were induced more than twofold exclusively in MyD88-deficient mice. Interestingly, only WT mice showed a greater than twofold reduction of RNA transcripts in this infection model (18 genes). Finally, under basal conditions, there were only very minor differences in gene expression between WT and MyD88 Ϫ/Ϫ lungs (2 probe sets passing statistical and filter criteria).
MyD88 influences the majority of induced genes in lungs after infection with C. pneumoniae. We have reported previously that MyD88 controlled several cyto-and chemokine responses on infection with C. pneumoniae (48) . The influence of MyD88 on global gene transcription in vivo on infection with this microorganism is demonstrated in Fig. 2 , showing a hierarchical cluster analysis of average values of data from three independent experiments. In the cluster, only the genes that were significantly up-or downregulated in the three experiments are represented, resulting in a total of 378 genes as described above. The column dendrogram shows the high similarity between mock-infected WT and MyD88 Ϫ/Ϫ lungs and the overall stronger effect of infection on WT than on MyD88 Ϫ/Ϫ mice. We have grouped genes according to similar expression patterns, and four main clusters were distinguished (Fig. 2) . Since the hierarchical cluster was obtained using z-score normalized expression data, for each of the four clusters a boxplot representation of log 2 fold changes in expression between infected and mock-treated lungs is also shown for a more quantitative assessment of the changes in transcript levels.
A clearly defined small cluster (cluster A) composed of 18 of 378 genes (4.8%) includes transcripts whose relative expression levels were decreased with respect to their mock controls. Decreased expression after infection was less pronounced in the MyD88 Ϫ/Ϫ group. A second group (cluster B) comprises 102 genes (27.2%) that were upregulated in WT and also in
MyD88
Ϫ/Ϫ mice after infection. On average, induction of these genes was stronger in WT mice, indicating that they depended partially on MyD88. In contrast, the third group (cluster C) contains 37 genes (9.5%) that were upregulated more strongly in response to the infection in MyD88 Ϫ/Ϫ mice. The last and largest group (cluster D) consists of 221 genes (58.5%) that were upregulated in WT but not (or only weakly) in MyD88 Ϫ/Ϫ mice. These MyD88-dependent genes are implicated mainly in immune responses. Representative genes for every cluster defined are listed in Table 1 .
The observation that the majority of changes in the pulmonary transcriptome at day 3 after infection are MyD88 dependent demonstrates the importance of this signaling pathway in the host response to C. pneumoniae. This difference at the transcriptome level is associated with decreased bacterial bur- den at this time point and lethal outcome later after infection (48, 49) .
We have previously demonstrated that infected TLR2/TLR4 double-deficient mice showed a similar phenotype as MyD88 Ϫ/Ϫ mice in terms of survival, chlamydial burden in lungs, and decreased granulocyte recruitment after 3 days of infection (48, 49) . Therefore, we believe that differences in the transcriptome of WT vs. MyD88 Ϫ/Ϫ mice were due to impaired TLR signaling in the latter mice. However, we cannot exclude the possibility that the nonfunctional IL-1 receptor signaling cascade in MyD88 Ϫ/Ϫ mice was also in part responsible for the differences observed.
Expression of IFN-regulated genes is partially dependent on MyD88
. Genes grouped within cluster B (Fig. 2) share the characteristic that their transcription in vivo depends only partially on MyD88 after 3 days of infection with C. pneumoniae. Strikingly, this group contains many genes whose transcription is induced by IFN (Table 1 ), although we were not able to detect IFN-␥ or type I IFN in MyD88 Ϫ/Ϫ mice, either by microarray or by ELISA at this point in time. In WT mice IFN-␥ was increased 3 days postinfection (48), while type I IFN was again not detectable (data not shown). In accordance with our results, it was observed recently that IFN-␥ secretion induced by C. pneumoniae in vitro depends on MyD88 (45, 50) .
Whether the upregulation of IFN-induced genes in MyD88 Ϫ/Ϫ mice is indeed caused by IFNs that escaped our attempts to detect them, or is rather due to other, to date unknown, factors capable of triggering the IFN-type response, remains to be elucidated (10) . Of note, IFN-independent induction of IFN-stimulated gene (ISG) expression has been reported (11) .
Other genes listed within cluster B belong to the family of cathepsins, like cathepsin K (ctsk), Z (ctsz), and S (ctss). These are proteolytic enzymes found in animal tissues that catalyze the hydrolysis of proteins into polypeptides (15) and are increased substantially in interstitial lung diseases (31) . Cathepsin S is involved in regulation of antigen presentation and immunity (46) and is upregulated on IFN-␥ stimulation (56) , suggesting once more that this cytokine might have been secreted in MyD88 Ϫ/Ϫ mice after infection with C. pneumoniae. Another gene from cluster B with a potential role in the control of chlamydial replication is lipocalin-2, whose partially MyD88-dependent induction was confirmed by real-time RT-PCR (Fig. 3A) . Lipocalin-2 (lcn2) binds to bacterial enterochelins, thereby sequestering iron and depriving pathogens like Escherichia coli of this essential growth factor (17, 18) . Furthermore, it has recently been published that, in macrophages stimulated with heatkilled group B streptococci (GBS), the induction of lipocalin-2 was severely impaired in the absence of TLR2 signaling (13) . Thus the role of lipocalin in C. pneumoniae infection deserves further investigation.
Also, we could identify a set of genes whose function is related to membrane maintenance and cytoskeleton (Table 1) . One member of this group is tenascin C, which is involved in tissue repair and is usually increased after an inflammatory process (41) .
Tissue inhibitor of metalloproteinase-1 (timp1) was found as the most upregulated gene in MyD88 Ϫ/Ϫ mice after infection with C. pneumoniae, and its presence was confirmed by realtime RT-PCR (Fig. 3A) . This protein has been recently described to enhance pathology during infections. For instance, TIMP1-deficient mice are resistant to Pseudomonas aeruginosa corneal infection and show reduced lethality on pulmonary infection with the same microorganism (36) . Therefore, the function of timp1 may be important for the elucidation of Analysis of overrepresentation of medical subject heading (MeSH) terms for transcripts corresponding to clusters A-D. A high z-score indicates a significant overrepresentation of a category. ND, not determined; Obs, observed; Exp, expected. the mechanisms involved in the lethal outcome of C. pneumoniae infection in MyD88 Ϫ/Ϫ mice.
Genes involved in cell cycle control are upregulated more strongly in MyD88
Ϫ/Ϫ mice. Cluster C depicted in Fig. 2 includes transcripts that were upregulated postinfection with C. pneumoniae in WT and MyD88 Ϫ/Ϫ mice, i.e., are MyD88 independent. In fact, most of these genes were induced more strongly in the absence of MyD88. The cluster comprises a total of 37 genes, and, interestingly, all of them are connected to cell cycle control and DNA replication (Table 1) . Furthermore, analysis with the Genomatix Bibliosphere software tool showed strong overrepresentation of the medical subject heading (MeSH) terms "cyclins," "mitosis," and "DNA damage" (Table 2 ). Northern blot analysis confirmed the MyD88-independent induction of transcription of the gene sprr1a (Fig. 3B ).
It has been described already that MyD genes, e.g., irf-1, jun, egr-1, myd116/gadd34, and myd118/gadd45b, play a role in negative growth control including growth arrest and apoptosis (37, 38) . MyD88 was originally characterized as a novel MyD gene in M1 myeloblastic leukemia cells induced for terminal macrophage differentiation by IL-6 (39), and ectopic expression of MyD88 in human cervical carcinoma HeLa cells was observed to induce apoptosis (27) . Our data suggest that, aside from its crucial role as key adapter in the TLR signaling cascade, MyD88 may participate in the negative regulation of cellular growth. Alternatively, there may be an increased influx of immature myeloid progenitors from the bone marrow that are still in the cell cycle in MyD88 Ϫ/Ϫ mice. However, we consider this possibility as unlikely, since the pulmonary cellular content was not increased in MyD88 Ϫ/Ϫ mice 3 days postinfection (Fig. 4) .
MyD88-dependent genes are mainly involved in immune responses against C. pneumoniae infection. Cluster D contains 221 probe sets, corresponding to 208 unique genes with increased pulmonary expression on infection with C. pneumoniae in a MyD88-dependent fashion (Fig. 2) . Approximately 70% of the genes within this cluster (149 genes) are annotated with the gene ontology term "immunological processes," indicating an overrepresentation of genes involved in immune responses. Strongest MyD88-dependent gene upregulation by C. pneumoniae infection was recorded for the immunoresponsive gene-1 (irg1), arginase-1 (arg1), and the cytokine TNF (tnf) or chemokines like MIP-1␣ (ccl3), MIP-2 (cxcl2), MCP-1 (ccl2), MIP-1␥ (ccl9), and KC (cxcl1) ( Table 1) . To test whether the transcript levels determined by microarrays corresponded to protein levels, we analyzed the cyto-and chemokines secreted from supernatants of minced lungs of WT and MyD88
Ϫ/Ϫ mice before and after the infection. Infected WT mice secreted MIP-1␣, MIP-2, and KC in high amounts compared with the noninfected mice. However, MyD88
Ϫ/Ϫ mice failed to secrete these chemokines on infection (Fig. 5A) . TNF was secreted in a MyD88-dependent manner, and this upregulation was also confirmed by real-time RT-PCR (Fig. 5,  A and C) . In contrast, the chemokines MCP-1 and MIP-1␥ were secreted by both groups of mice in response to the infection, although they were significantly reduced in MyD88 Ϫ/Ϫ mice (Fig. 5A) . These results were in accordance with the microarray RNA expression level (Fig. 5B) . However, although the chemokine IP-10 (cxcl10) was the most upregulated in WT mice by microarray, we were not able to detect it by ELISA (data not shown).
Immunoresponsive gene-1 (irg1) was cloned from a cDNA library prepared with RNA isolated from macrophages after lipopolysaccharide (LPS) stimulation (35) , and it belongs to the family of IFN-inducible genes (59) . Irg1 was found to be one of the most upregulated genes in WT mice after infection with C. pneumoniae (Table 1 and Fig. 5C ) and also in the infected macrophage cell line ANA-1 in vitro (Table 3) .
Further bioinformatic analysis with Genomatix Bibliosphere showed strong overrepresentation of the MeSH terms "neutrophil infiltration" and "myeloid cells" for cluster D (Table 2) . Specifically, mRNA coding for the cell type-specific proteins neutrophil cytosolic factor-1 (ncf1), ncf2 and ncf4, the receptor for granulocyte colony-stimulating factor (csf3r), and mmp8 was upregulated in a MyD88-dependent manner. These findings are consistent with a recruitment of neutrophils and macrophages to the lungs of WT but not MyD88 Ϫ/Ϫ mice, a difference we have indeed observed previously (48, 49) . In addition, several factors with a role in attracting leukocytes are found in cluster D, including the chemokines cxcl1 (KC) and cxcl2 (MIP-2). Thus the cluster of MyD88-dependent genes identified here demonstrates the dependence of the inflammatory response on MyD88 and points to a lack of chemokine expression as explanation for the impaired influx of granulocytes in the absence of MyD88 signaling (Fig. 4) . We are fully aware that the dynamic cellular composition of the lung in the course of infection and the use of whole lung RNA samples do not allow us to determine the relative contribution of transcriptional induction or repression in resident lung cells compared with the effect of leukocyte influx and migration. In an attempt to dissect this question by stopping leukocyte migration, we killed mice 3 h after infection and cultured the isolated lung pieces for an additional 24 h in vitro before measuring changes in gene expression. In this experiment, we found comparably little induction in infected lungs (data not shown). However, to answer this question in a technically satisfactory way, ventilation and perfusion of explanted and infected lungs would be required to allow direct comparison with the data presented here.
Finally, TLR2 is upregulated in response to C. pneumoniae infection in WT mice but much weaker in MyD88 Ϫ/Ϫ mice (Fig. 3B) . We have shown earlier that this microorganism is stimulating the immune response mainly via TLR2 (49) . Whether upregulated expression of TLR2 and recognition of C. pneumoniae via TLR2 are connected remains to be shown. Pulmonary infection with C. pneumoniae leads to an increase in arginase activity in a MyD88-dependent manner. Another highly upregulated gene observed by microarray analysis is arginase-1 (arg1), which is included within the MyD88-dependent cluster. This finding was confirmed by a functional assay and increased activity of arginase was present in lungs of WT mice in response to the infection with C. pneumoniae (Fig. 6A) . In contrast, infected MyD88 Ϫ/Ϫ mice showed similar levels of arginase enzymatic activity as the mock control. These results correlate with the pattern of arg1 mRNA levels observed in the microarray (Fig. 6B) . Average expression levels of arginase 2 were increased twofold in infected WT but not in MyD88 Ϫ/Ϫ lungs without reaching statistical significance (data not shown). Therefore, although arginase 2 can contribute to the enzymatic activity as shown in Fig.  6A , the bulk of induced arginase activity is likely caused by arginase-1.
Arginase-1 is constitutively expressed in hepatocytes where it is the key enzyme of the urea cycle. In addition, high level expression of arginase-1 is inducible in macrophages by the Th2 cytokines IL-4, IL-13, and IL-10 (43). Whether macrophages express in vivo arginase-1 on pulmonary infection with C. pneumoniae remains to be shown. Arginase-1 hydrolyzes arginine to urea and L-ornithine, which is the precursor for the production of polyamines, which are essential for cell proliferation (42) . A role for arginase-1 in promotion of tissue fibrosis has been suggested in schistosomiasis. In this model, Th2 cytokines induce arginase-1 to produce L-ornithine, which is metabolized to proline by the enzyme ornithine aminotransferase (24) . Either an increase in arginase induced by a Th2 response or upregulated synthesis of proline may explain increased collagen deposition in this model of schistosomiasis (51, 55) . Future studies could investigate whether similar mechanisms take place during infection with C. pneumoniae.
Correlation of gene induction between C. pneumoniae-infected lungs and the in vitro infected macrophage cell line
ANA-1. In parallel, we have also analyzed the gene expression pattern of mouse macrophages (ANA-1 cells) after the infection in vitro with C. pneumoniae. Twenty-two genes were significantly upregulated (Table 3) . From these, 16 genes (72.7%) were also induced in the lungs of infected mice, and all of them were grouped within the cluster of MyD88-dependent genes with the exception of glycoprotein-49B (gp49b) and macrophage receptor with collagenous structure (marco), which were found to be partially MyD88 dependent. Examples of the most upregulated genes in mouse macrophages after C. pneumoniae infection are serum amyloid A3 (saa3), a protein that is mainly produced by activated macrophages during tissue injury or inflammation, MIP-2 (cxcl2), and irg1. Expression levels of all genes induced by C. pneumoniae in macrophages in vitro correlated with the results obtained from infected lungs from WT mice, suggesting that this cell type participates in host defense in vivo against C. pneumoniae.
The fact that C. pneumoniae-induced transcriptional changes in ANA-1 macrophages are relatively weak compared with the hundreds of significantly regulated genes in the lung after infection in vivo highlights the advantage of the experimental approach we used. Since many questions regarding the biology of respiratory chlamydial infection are unclear at present, the alternative approach of analyzing the transcriptome of selected purified cell types, e.g., alveolar macrophages or lung epithelial cells, most likely would have missed an essential part of the picture. Given the complexity of the in vivo response to infection, it will now be important to dissect the contribution of different cell types to the transcriptional responses discussed above. This study and recently reported studies (12, 28, 30) show that profiling of lung tissue RNA can be used to identify patterns of gene expression during infection and inflammation dependent on host factors, pathogen strain, or timing. 
